Abstract Despite more than 60 yr of coral reef research using scuba diving, mesophotic coral ecosystems (MCEs) between 30 and 150 m depth remain largely unknown. This study represents the first underwater visual census of reef fish communities in the Greater Caribbean on MCEs at depths up to 80 m in Bermuda and 130 m in Curaçao. Sampling was performed using mixed-gas closed-circuit rebreathers. Quantitative data on reef fish communities were obtained for four habitats: coral reefs (45-80 m), rhodolith beds (45-80 m), ledges (85-130 m) and walls (85-130 m). A total of 38 species were recorded in Bermuda and 66 in Curaçao. Mesophotic reef fish communities varied significantly between the two localities. MCEs in Bermuda had lower richness and abundance, but higher biomass than those in Curaçao. Richness, abundance and biomass increased with depth in Bermuda, but decreased in Curaçao. A high turnover of species was found among depth strata and between Bermuda and other Caribbean upper MCEs (45-80 m), indicating that depth was an important driver of community structure at all localities. However, local and evolutionary factors (habitat and endemism) are likely the main factors shaping communities in isolated locations such as Bermuda. High fishing pressure is evident in both localities, as total biomass of apex predators was generally low, and thus may be driving a ''refugia'' scenario in Bermuda, as the abundance and biomass of macro-carnivores increased with depth and distance from the coast.
Introduction
Despite more than 60 yr of coral reef research using scuba diving across the Greater Caribbean (Hixon 2011) , mesophotic coral ecosystems (MCEs) between 30 and 150 m depth remain largely unknown (Bak et al. 2005; Kahng et al. 2010) . Most characterizations of MCE fish assemblages use submersibles or remotely operated vehicles (Colin 1974 (Colin , 1976 Bryan et al. 2013) , while reef fish community structure analyses using conventional scuba are sparse and operationally (depth and time) limited (Lukens 1981; Feitoza et al. 2005) . Recent advances in mixed-gas closed-circuit rebreather technology (which has much higher autonomy underwater and is bubble-free), however, now allow more comprehensive characterizations of MCEs (Garcia-Sais 2010; Lesser and Slattery 2011; Bejarano et al. 2014) .
The initial studies focusing on MCEs highlighted ecological changes with depth, such as shifts in abundance, species richness and community structure (Lukens 1981;  Communicated by Biology Editor Dr. Andrew Hoey Electronic supplementary material The online version of this article (doi:10.1007/s00338-015-1381-0) contains supplementary material, which is available to authorized users. Dennis and Bright 1988; Liddell and Ohlhorst 1988) . These studies documented a decrease in the abundance of herbivorous and omnivorous fishes with depth, along with an increase in abundance of planktivores and carnivores (Thresher and Colin 1986; Bejarano et al. 2014) . The discovery of high biodiversity in MCEs has led many researchers to propose that deep reefs may serve as refugia for shallow-water species (Feitoza et al. 2005; Bejarano et al. 2014) . The ''deep reef refugia'' hypothesis posits that mesophotic zones may be protected from biotic and abiotic impacts that typically occur on shallow-water coral reefs and thus may serve as a source for future repopulation of shallow regions (Bongaerts et al. 2010 ). Yet the majority of studies undertaken to date only examine mesophotic zones shallower than 80 m, with limited information available on ecological changes or refuge function in deeper mesophotic regions (85-150 m) .
Recent biodiversity assessments using submersibles and technical diving have documented the presence of previously unidentified species in lower mesophotic zones (e.g., Sparks and Gruber 2012; Baldwin and Robertson 2013; Baldwin and Johnson 2014) , illustrating that our understanding of fish communities and biodiversity at these depths is minimal. This study, therefore, aimed to expand the knowledge of Caribbean MCEs through comparisons of mesophotic reef fish communities in Bermuda and Curaçao by means of underwater visual censuses (UVC). Results from these surveys show differences in density, biomass and richness of reef fish communities between these two locations and between upper and lower mesophotic reefs for the first time and provide insights into biogeographic and ecological patterns and processes on Caribbean MCEs.
Methods

Study area
This study was conducted at two oceanic islands, Bermuda (32°18 0 N, 64°46 0 W), the northernmost island of the Caribbean Province, and Curaçao (12°05 0 N, 68°53 0 W), in the southern Caribbean (Fig. 1) . A recent analysis of the composition of reef fish communities places these locations in different biogeographic provinces (Robertson and Cramer 2014) . Bermuda is a volcanic island located 1049 km (652 nm) southeast of Cape Hatteras, US central east coast, and represents the northernmost coral reef system in the Atlantic. Reefs persist in Bermuda partly due to the flow of the Gulf Stream, bringing warm water from the Gulf of Mexico (Coates et al. 2013; Locke et al. 2013a) . Annual sea surface temperatures range from 15 to 30°C, which allows a variety of tropical marine organisms to live in this region, including 38 scleractinian coral species (Locke et al. 2013b) . The top of the seamount upon which Bermuda lies has a total reef area of 177 km 2 . Shallow-water coral cover in Bermuda ranks among the highest in the Caribbean with an estimated mean overall cover of 38.6 % (Jackson et al. 2014) . Deep reef zones (below 50-60 m), however, are composed of extensive rhodolith beds and sparse scleractinian corals (Smith-Vaniz et al. 1999) .
Curaçao is an oceanic island situated 60 km north of Venezuela. It is the largest island of the Dutch West Indies at 61 km long and 14 km wide. Sea surface temperature varies between 26 and 29°C. The island is surrounded by a fringing reef 20-250 m from the coast and covering a total surface of 7.85 km 2 . Sixty-five coral species are found in Curaçao, with estimated mean coral cover ranging from 13.3 % on the northwest side of the island to 31.5 % on the southwest (Jackson et al. 2014 ) and peak coral cover reaching up to 70 % in some shallow regions (Vermeij 2012) .
Data sampling
Five sites ranging 50-80 m depth were sampled in July 2014 on the south shore of Bermuda, and six sites between 45 and 130 m depth were sampled in December 2014 on the southwestern coast of Curaçao, next to the Curaçao Sea Aquarium. Habitats consisted of coral reefs and rhodolith beds (mostly agglutinated) in the shelf of Bermuda (Fig. 2a-d) , and coral reefs (45-80 m), ledges and walls (85-130 m) in Curaçao ( Fig. 2e-h ). In general, all sampled sites and habitats of Curaçao displayed a steeper slope than Bermuda. However, most transects were run in high and medium complexity habitats at both locations. The sites were visited by our team or research partners prior to sampling, and transect areas were selected to cover the diversity of habitats of each area. Divers used closed-circuit mixed-gas rebreathers (Hollis Prism2).
Although a similar number of dives were conducted in each location, differences in technical diving logistics required different sampling effort and strategies. In Bermuda, every dive was performed in a specific habitat and depth stratum, and decompression occurred in open water (this limited the total bottom time of the dive). In contrast, in Curaçao, dives covered different habitat and depth strata, and decompression occurred along the reef slope. Thus, two to six 30-m transects were obtained per site, totaling 14 visual censuses in Bermuda (three at 45-50 m; nine at 60-65 m; two at 70-80 m) and 22 in Curaçao (five at 45-50 m; four at 60-65 m; four at 70-80 m; four at 85-90 m; five at 105-130 m). All species were counted within 1 m of each side of the transect tape for a total area of 60 m 2 per survey (e.g., Lesser and Slattery 2011; Pinheiro et al. 2011 Pinheiro et al. , 2013 . Abundance and body size (5 cm size classes) were estimated for each species observed along the transects.
Data analysis
''Upper'' and ''lower'' mesophotic zone classifications, 45-85 and 85-130 m, respectively, were determined based on observation of light availability and corroborated by fish fauna turnover. Light decreases dramatically below the ledge (*85 m) along the wall, and a flashlight is necessary to visually assess fish assemblages.
Trophic guilds were classified following Ferreira et al. (2004) and Pinheiro et al. (2011) and comprised macrocarnivores, territorial herbivores, roving herbivores, mobile invertebrate feeders, sessile invertebrate feeders, omnivores and planktivores. Fish biomass was estimated using length-weight relationships from Froese and Pauly (2014) . When no equation was available for a given species, average estimates for the genus or family were used (Froese and Pauly 2014) .
A multidimensional scaling (MDS) analysis was performed to explore the variation in fish composition and abundance between the upper mesophotic zone of each locality and among depth strata. Fish biomass, density and richness were compared between the upper mesophotic zone of each locality using a Mann-Whitney U test (Zar 2010) . Kruskal-Wallis H tests were used to compare fish biomass, density and richness among depth strata (Zar 2010 ). Analyses of similarities (ANOSIM) were used to evaluate possible differences in the structure of fish communities between localities and depth strata. A matrix of average fish abundance by depth strata was built and a cluster analysis conducted using Bray-Curtis similarity and UPGMA joining method. In order to disentangle the role of depth and geographic distance as drivers of community structure, data from upper mesophotic zones of Puerto Rico (50-70 m, modified to counts per 60 m 2 from Bejarano et al. 2014) were added to the matrix. SIMPER analyses were conducted to assess species contribution to withincluster Bray-Curtis similarity and to inter-group BrayCurtis dissimilarities. The MDS, ANOSIM, Cluster and SIMPER analyses were performed using PRIMER, and the Mann-Whitney and Kruskal-Wallis tests were run using SPSS 16.
Results
Mesophotic reef fish communities
A total of 38 species were recorded in the mesophotic reefs of Bermuda and 66 in Curaçao (Electronic Supplementary Material, ESM Table S1 ). Upper mesophotic reef fish communities in Bermuda and Curaçao differed significantly ( Fig. 3a ; ANOSIM Global R = 0.491; P = 0.001). Bermuda had lower species richness (U test, Z = -3.842, ) (a); mean values (±SE) of richness (b), abundance (c) and biomass (d) of mesophotic reef fish communities of Bermuda (light gray triangles) and Curaçao (dark gray triangles), Western Atlantic P \ 0.001) and fish abundance (U test, Z = -2.961, P = 0.002), but higher biomass (although not significant; U test, Z = -1.165, P = 0.259) than Curaçao ( Fig. 3b-d) . The most abundant trophic guilds in Bermuda were planktivores (Paranthias furcifer and Chromis aff. enchrysura), roving herbivores (Kyphosus spp. and Scarinae spp.), macro-carnivores (Carangidae and Pterois volitans) and mobile invertebrate feeders (Holocentridae and Labridae) (Fig. 4a) . In Curaçao, the most abundant trophic group was mobile invertebrate feeders (high numbers of Coryphopterus spp. and Antilligobius nikkiae), followed by planktivores (Chromis spp.) and territorial herbivores (Stegastes partitus) (Fig. 4b) .
The trophic guild with highest biomass in Bermuda was roving herbivores (Kyphosus sp.), followed by macro-carnivores (Carangidae, P. volitans and Epinephelidae), mobile invertebrate feeders (Holocentridae) and sessile invertebrate feeders (Holacanthus tricolor and Chaetodon sedentarius) (Fig. 4c ). The groups with highest biomass in Curaçao were macro-carnivores (Lutjanidae, Epinephelidae and P. volitans) and mobile invertebrate feeders (Haemulon spp. and Holocentridae) (Fig. 4d) .
Depth gradients
In general, of the 89 species recorded in this study, 63 (71 %) were found exclusively in the upper mesophotic zone (45-80 m), seven (8 %) were exclusively from the lower mesophotic zone (85-130 m), and 19 (21 %) were found in both zones (ESM Table S1 ).
Community structure in both localities changed with depth stratum (Figs. 5, 6, 7; ANOSIM Bermuda, Global R = 0.239, P = 0.043; ANOSIM Curaçao, Global R = 0.448, P = 0.002). Changes in species richness, fish abundance and biomass occurred in opposite directions in the two localities (Fig. 5b-d, f-h ). In Bermuda, all community parameters increased with depth ( Fig. 5b-d ; richness H test, X 2 = 6.342, P = 0.042; abundance H test, X 2 = 8.177, P = 0.017; biomass H test, X 2 = 5.914, P = 0.052), and those values correspond with shifts in trophic structure (Fig. 6a-c) . In the upper mesophotic depths, between 45 and 65 m, sessile invertebrate feeders (Chaetodon capistratus) and roving herbivores (Scarinae) were the most abundant groups (Fig. 6a, b) . With increasing depth, Kyphosus sp. and Chromis aff. enchrysura increased in abundance (Fig. 6b, c) . Planktivores (P. furcifer and Chromis aff. enchrysura) were the most abundant group between 70 and 80 m, followed by mobile invertebrate feeders (Holocentridae) and macro-carnivores (Carangidae and P. volitans), whereas sessile invertebrate feeders and roving herbivores were almost absent (Fig. 6c) .
In Curaçao, all community values decreased with depth ( Fig. 5f-h ; richness H test, X 2 = 14.824, P = 0.005; abundance H test, X 2 = 12.534, P = 0.014; biomass H test, X 2 = 10.808, P = 0.029). Mobile invertebrate feeders were the most abundant guild in almost all depth strata (Fig. 7a-e) . Coryphopterus spp. were most abundant in the upper mesophotic zone (45-80 m), while A. nikkiae was most abundant in the lower mesophotic zone (85-130 m). Bullisichthys caribbaeus, Corniger spinosus, Decodon puellaris, Halichoeres bathyphilus and Serranus phoebe were mobile invertebrate feeders exclusively found in the lower mesophotic zone (ESM Table S1 ).
Planktivores were the second most abundant group in all mesophotic depth strata of Curaçao (Fig. 7) . Chromis spp. were most abundant in the upper mesophotic zone (Fig. 7a-c) , while Pronotogrammus martinicensis was most important in the lower mesophotic zone (Fig. 7d, e) . The territorial herbivore S. partitus was particularly abundant in the upper mesophotic zone (Fig. 7a) and was replaced by Centropyge argi with increasing depth (Fig. 7b-d) . The omnivore Canthigaster rostrata was most abundant in the upper mesophotic zone, while its congener C. jamestyleri was evenly distributed along upper and lower mesophotic zones (ESM Table S1 ). Prognathodes aculeatus was the only sessile invertebrate feeder recorded in the UVCs in the lower mesophotic zone, and the most abundant macro-carnivores, Cephalopholis cruentata, P. volitans and Lutjanus mahogoni, were found in both upper and lower mesophotic zones (ESM Table S1 ). Roving herbivores occurred only in upper mesophotic depths ( Fig. 7a, b ; ESM Table S1 ).
Biogeography
Samples from the upper mesophotic zones of Bermuda clustered together with 10 % Bray-Curtis similarity among sites ( Fig. 8; Table 1 ), but were isolated from the other locations (Fig. 8) . Scarus taeniopterus and Chromis aff. enchrysura made the greatest contribution to within-group Bray-Curtis similarities (34.3 and 23.4 %, respectively, in the SIMPER analyses; Table 1 ). The upper mesophotic zones (\80 m) of Puerto Rico and Curaçao clustered together (35 % similarity, Table 1 ), where Chromis insolata and Coryphopterus personatus were the most important contributors to within-group similarities (29.4 and 24 %, respectively, in the SIMPER analyses; Table 1 ). The lower mesophotic zone of Curaçao (85-130 m) had 44 % similarity within sites and was separated from all other upper mesophotic zones, but more closely related to those from Puerto Rico and Curaçao (85 % Bray-Curtis dissimilarity; Table 1 ) than to Bermuda (93 % Bray-Curtis dissimilarity; Table 1) (Fig. 8) . Antilligobius nikkiae and Pronotogrammus martinicensus were identified as the species that contributed most to within-group similarities (34 and 16.3 %, respectively, in the SIMPER analyses, Table 1 ). Species that contributed to Bray-Curtis dissimilarities between groups are given in Table 1 .
Discussion
This study represents the first in situ assessment using UVCs for characterizing mesophotic reef fish communities in Bermuda and Curaçao, and the first UVC assessment of lower mesophotic zones (up to 130 m) in the Caribbean. The high abundances of small planktivorous fishes (19-50 %) and high relative biomass of macro-carnivores (36-47 %) reported in this study seem a common feature shared with other MCEs, such as of Puerto Rico (Bejarano et al. 2014) , Florida (Bryan et al. 2013) and Brazil (Feitoza et al. 2005) in the Atlantic Ocean, and the Marshall Islands in the Pacific (Thresher and Colin 1986) . Interestingly, this community structure is similar to that observed in shallow reefs of some oceanic islands of the South Atlantic (Pinheiro et al. 2011; Longo et al. 2015) , but different from most Caribbean shallow reefs (Newman et al. 2006) . The high abundance of planktivores is related to food availability, sustained by currents and upwelling events (Thresher and Colin 1986) , attracting macro-carnivores that presumably feed on planktivores. Conversely, herbivores and corallivores are constrained by the low abundance of their respective food items (Thresher and Colin 1986) .
Shallow reefs in Curaçao also supported a high biomass of planktivorous fishes (Sandin et al. 2008a ); however, the community structure of shallow and mesophotic reef fishes differs strongly. For instance, mesophotic reefs in Curaçao had smaller overall fish biomass, but higher relative biomass (proportion) of macro-carnivores and mobile invertebrate feeders compared with shallow waters (Sandin et al. 2008a ).
Little information is available about reef fish community structure on Bermuda's reefs. Although recent evaluations show a threefold increase in the biomass of herbivorous fishes (Scarinae and Acanthuridae) 6 yr after the fish pot ban introduced in 1990 (Luckhurst 1996; Luckhurst and Farrell 2013) , the high biomass of roving herbivores found at mesophotic depths was not expected, since that has not been found in other Caribbean MCEs (Garcia-Sais 2010; Bryan et al. 2013; Bejarano et al. 2014) . The clear oceanic water surrounding Bermuda allows deep light penetration and the occurrence of macro-algae below 100 m (S.R. Smith pers. comm.), and this clarity may facilitate foraging condition by herbivores, thereby supporting their high abundance on upper MCEs in Bermuda. Pinheiro et al. (2015) found analogous communities with several shallow-water species present on MCEs on South American seamounts. Additionally, many coastal species were previously reported in MCE habitats of the Challenger and Argus seamounts, situated 22 and 37 km SW of Bermuda, respectively, with summits reaching *50 m depth (Smith-Vaniz et al. 1999; Calder 2000 ). An alternative hypothesis for the presence of shallow-water species on MCEs in Bermuda is the limited availability of shallow habitat on nearby seamounts, which may contribute to species adaptation and plasticity by selecting for individuals able to recruit to mesophotic depths, a process known as ''matching habitat choice'' (Edelaar et al. 2008) . The community structure at both locations strongly changed with depth. Vertical compositional changes in planktivores (Chromis spp. to P. martinicensis) and territorial herbivores (S. partitus to C. argi) were also observed. Thresher and Colin (1986) proposed a zonation, where depths of 75-90 m marked a limit to the distribution of many Pacific Ocean shallow-water species, describing replacements of Chromis spp. and Anthiinae species. Colin (1974 Colin ( , 1976 ) illustrated a similar observation, with the dominance of a few planktivore species below 90 m in different places in the Caribbean. The results presented here also corroborate this zonation pattern, showing a high turnover in the reef fish community between 70 and 90 m (Fig. 8) . However, habitat differences may exert an effect as strong as depth (Colin 1974 ) and may influence vertical and geographic community differences. Curaçao and Puerto Rico (and potentially most Caribbean islands) shelter diverse and well-developed coral reef systems in the upper mesophotic zone (45-80 m), whereas Bermuda is characterized predominantly by coralline algal reefs at the same depth range. Rhodolith beds, a common feature of MCEs worldwide (Foster 2001; Meirelles et al. 2015) , were not found in Curaçao, but were common in Bermuda, and may contribute to the distinctiveness of reef fish communities and inter-site variability in the upper mesophotic zone. Thus, strong disparity between Bermuda and Curaçao mesophotic fish communities may reflect environmental differences, giving rise to biogeographically distinct communities (Robertson and Cramer 2014) .
Moreover, effects of distance from the continental shelf and isolation seem to be stronger in Bermuda, since its upper MCE shows a high abundance of locally endemic fishes (Chromis bermudae and Diplodus bermudensis correspond to 9 % of the mesophotic reef fish community). Bermuda has seven endemic fishes in total (Smith-Vaniz and Collette 2013) , while Curaçao does not have any (even though Haptoclinus dropi is only known from Curaçao, it is an MCE species likely to be found elsewhere in the Caribbean; Baldwin and Robertson 2013) . Overall, the present dataset suggests that depth is an important driver of variation in the community structure of islands in the Greater Caribbean, but geography also plays a major role in the structure of isolated islands (such as Bermuda). Future work is necessary to disentangle the effects of habitat variability, depth and geography on MCE fish community structure.
In addition to the community contrast, the studied localities showed an opposite pattern of structure along depth gradients. Whereas Curaçao showed the common pattern of a decrease in richness, abundance and biomass with depth (Kahng et al. 2010) , Bermuda showed the opposite. Fishing pressure may have influenced this pattern (Luckhurst and Ward 1996) . Commercial and recreational fishing activities such as angling, trawling and lobster pots are historically widespread in Bermuda and lead to local overexploitation of shallower reefs (Butler et al. 1993; . In this study, large groupers, snappers, jacks and even a silky shark were sighted during deeper dives at the most distant sites in Bermuda. Furthermore, reproductive aggregations of black groupers and other commercially important fishes have also been recently reported from mesophotic reefs in Bermuda (Luckhurst and Ward 1996; Smith-Vaniz and Collette 2013; authors pers. obs.) . The low abundance of top predators in Curaçao is also evidence of the impact of fishing (Vermeij 2012) , but since its shelf is very narrow, fishing seems to have a more homogeneous impact through the depth gradient.
Many authors suggest that mesophotic reefs may function as a refuge for targeted commercial species (Feitoza et al. 2005; Bejarano et al. 2014 ). Curaçao does not show any sharp increase in predator biomass or abundance with depth, and their total biomass is comparable to overexploited Caribbean reefs (Newman et al. 2006) . The lower mesophotic zone had a high community turnover, where many shallow-water species and individuals, including commercially targeted species, were recorded (mostly \90 m; ESM Table S1 ). Bermuda, on the other hand, showed strong evidence supporting the deep reef refugia hypothesis. The island has seasonal protection for certain commercial species, and subsequent increases in size-frequency distributions were reported following implementation of this legislation (Luckhurst and Trott 2008) . However, the biomass of apex predators found in this study was only half that recorded in pristine areas of the Caribbean and Pacific, where macro-carnivore contribution can reach between 30 and 80 % of total fish biomass (Newman et al. 2006; Knowlton and Jackson 2008; Sandin et al. 2008b ). In addition, in contrast to other Caribbean mesophotic reefs (Bejarano et al. 2014) , the invasive predatory lionfish, Pterois volitans, was present in high abundance and biomass at depth and may be directly impacting both ) among mesophotic depth strata of different Caribbean locations studied locations in the same way as it has strongly impacted Bahamian MCEs (Lesser and Slattery 2011) .
As the impacts of biotic and abiotic stressors increase on shallow reef systems, a clear understanding of MCEs will become essential for effective management and conservation. Whether MCEs serve as a refuge or are already overexploited can only be determined through extensive surveying and assessment of community structure and reef health. Healthy reef ecosystems are more resistant to major natural disturbances (Bruce et al. 2012) , and the best option for conservation and management has been the creation and enlargement of marine-protected areas (Clark and Dunn 2012; Sheppard et al. 2012 ) that support high diversity and biomass of reef fish species (Newman et al. 2006) . Given the degree of biodiversity found at MCEs in the two Caribbean locations in this study, raising awareness and promoting the conservation of deep reefs seem critical for biodiversity maintenance and sustainable fisheries in the Greater Caribbean. 
